When the monolayers are stacked into bilayer, the reduced indirect band gaps are found except for bilayer WTe 2 , in which direct gap is still present at the K point. The calculated in-plane Young moduli are comparable to graphene, which promises the possible application of TMDCs in future flexible and stretchable electronic devices. We also evaluated the performance of different functionals including LDA, PBE, and optB88-vdW in describing elastic moduli of TMDCs and found that LDA seems to be the most qualified method. Moreover, our calculations suggest that the Young moduli for bilayers are insensitive to stacking orders and the mechanical coupling between monolayers seems to be negligible.
Introduction
The successful isolation of graphene has brought in great revolutions for modern materials science [1] . The fascinating properties, such as the exceptionally high electron mobility ( ∼ 10 5 cm 2 V −1 s −1 ) [2] and unique combination of high modulus (∼ 1000 GPa) and tensile strength (∼ 100 GPa) [3] , have made graphene to be one of the most promising candidates for future flexible and stretchable electronics. However, the lack of band gap in pristine graphene limits its reality application. Due to the presence of a sizeable direct band gap in the visible frequency range [4, 5] , two-dimensional transition metal dichalcogenides (TMDCs) monolayers have recently suggested as an important candidate for electronic and optoelectronic devices [4, 5, 6] . Meanwhile, TMDCs also exhibit a number of intriguing optical phenomena such as valley-selective circular dichroism and the rich physics associated with the valley degree of freedom [7] . Moreover, their band gaps are tunable with thickness and different monolayer TMDCs can also be reassembled into designer van der Waals heterostructures [8] , which may lead to even richer physics and device application.
Mechanical property of materials such as elastic modulus is of vital importance in any practical device applications. It is thus a necessary prerequisite for the integration of TMDCs in various devices to obtain a detailed knowledge of mechanical properties of monolayer and 2D
heterostructures. Using nanoindentation in an atomic force microscope, Bertolazzi et al. [9] have investigated in-plane stiffness and breaking strength of suspended monolayer and bilayer MoS 2 , which indicates that monolayer MoS 2 exhibits exceptional mechanical properties comparable to stainless steel. In-plane stiffness of monolayer and bilayer MoS 2 are found to be 180±60 Nm −1
(corresponding to an effective Young's modulus of 270±100 GPa) and 260 ±70 Nm −1 (200± 60 GPa), respectively. Recently, the elastic modulus of CVD grown monolayer MoS 2 and WS 2
and their Bilayer Heterostructures are also investigated [10] . A high 2D elastic moduli of CVD monolayer MoS 2 and WS 2 (∼ 170 Nm −1 ) are also found. The 2D moduli of their bilayer heterostructures are found to be lower than the sum of 2D modulus for each layer, which shows a strong mechanical interlayer coupling between the layers [10] .
The importance of mechanical properties in future devices application also intrigues theoretical interest. The in-plane stiffness of monolayer MoS 2 have been investigated extensively [11, 12, 13, 14, 15] . However, the scatted theoretical results from 124 to 146 Nm −1 seems to be lower than the experimental value of 170 Nm −1 . Recently, the in-plane stiffness of a series of monolayer MX 2 (M=Mo, W; X=S, Se, Te,O) has also been investigated by Kang et al. [13] and Ç akr et al. [14] . Their results suggested that TMDCs with W (O) atom are found to be much stiffer in each chalcogenide (metal) group. It should be noticed that the Young modulus of TMDCs obtained using PBE functional seems to be lower than experimental measure as shown above, it is thus interesting to evaluate the performance of commonly-used functionals to describe the mechanical properties of TMDCs. On the other hand, in contrast to the extensively studies for monolayers, elastic and mechanical properties of bilayer TMDCs still lack completely. Previous study has suggested a transition from direct gap in monolayer to indirect gap in bilayer for TMDCs [4, 16, 17, 18] , which implies a strong electronic coupling between different monolayers in bilayer TMDCs. Meanwhile, stacking order is also found to affect the electronic band structure and absorption spectra [19] . It is thus quite interesting to investigate mechanical coupling between monolayers and to reveal the role of stacking order on elastic property of bilayer TMDs theoretically .
To understand electronic and mechanical coupling of monolayer in bilayer TMDCs, we have investigated electronic and elastic properties of eight kinds of TMDCs in both monolayer and bilayer structures , in which different functionals are employed for comparison. The detailed structure, electronic properties, elastic constants and Young modulus of TMDCs both in monolayer and bilayer obtained using LDA ,PBE and optB88-vdW functional are given and compared with available experiment and theory. Moreover, the performance of different functionals in describing the elastic properties of TMDCs is also evaluated.
Computational Details
The present calculations were performed with the Vienna Ab-initio Simulation Package (VASP) code [20, 21] within the projector augmented wave (PAW) method. The local density approximation (LDA) and Perdew-Burke-Ernzerhof(PBE) are used in our calculation for comparison. To take into account van der Waals forces, which are expected to play a crucial role in bilayer, the van der Waals density functional in form of optB88-vdW [22, 23] was used.
Recent study has been evidenced that the optB88-vdW can give much improved results for graphene/metal surface [24] . constant are also shown in Ref [25] . The strains ranged from -0.05 to 0.05 in steps of 0.01 are used in the present calculation. The optimized structural parameters of monolayer TMDCs using LDA,PBE and optB88-vdW method. a and d x−x stand for lattice constant and bond length of two X atoms, respectively. The PBE results from Ref. [13] and Ref. [14] are also listed for comparison.
LDA PBE optB88 Ref. [14] Ref. [13] LDA PBE optB88 The optimized structural parameters of TMDCs with LDA, PBE and optB88-vdW methods are listed in Table 1 , two previous PBE calculations [13, 14] are listed for comparison. We can find that the previous calculations are almost identical with our PBE results, which suggests that the present results are reliable. It can be clearly seen that the structure seems to be independent to metal element but increase monotonously with atomic number of chalcogen. In addition, it can be also found that LDA calculation gives a smaller value than PBE, while the results of PBE and optB88-vdW are almost the same, which are also more close to bulk crystals. This is in agreement with well accepted knowledge that LDA overestimates the binding of materials.
The similar result of PBE and optB88-vdW indicates van der Waals functional can provide a balanced description for systems dominated by not only vdW force but also covalence bonding, and van der Waals interaction has few effects on such a monolayer TMDCs.
Electronic properties
Now, let's focus on band structures of monolayer TMDCs. Since the (semi)-local functionals are known to give similar band structure for materials, we only give the energy band of monolayer TMDCs calculated using PBE functional. As shown in Fig. 2 , all those eight kinds of single layer TMDCs are semiconductors with a distinct band gap, which is quite different from the zero-band-gap graphene. For example, the monolayer MoS 2 has a direct band gap at the K point with a band gap value of 1.62 eV, which is close to the experimental study for atomically thin MoS 2 layers [4, 5] . The direct band gap at the K point can be also found in the case of monolayer MoSe 2 and MoTe 2 , and the corresponding band gap is 1.44 eV and have quite close gap. However, For monolayer oxide with indirect-band-gap, the band gap of WO 2 is much larger than that of MoO 2 . The calculated band gaps agree well with other studies [13, 27] .
Elastic properties
Elastic property is another important physics quantity focused on the present work. For 2D
TMDCs, it is possible to measure the elastic constants of these materials from nanoindentation experiments using an atomic force microscope [28] . However, since the experimental measurement suffers from some uncertainness such as defect, First-Principle calculation can offer an important supplement to experiment.
The elastic constants for monolayer TMDCs calculated with PBE method are reported in Table 2 . Since the monolayers of 2H-MX 2 belong to isotropic structures, the linear elastic constant C 22 is equal to C 11 . Linear elastic constants of MoX 2 and WX 2 decrease monotonically with the increase of chalcogen's atomic number, which means the decrease of the Young modulus. And for the same chalcogenide atoms, the WX 2 compounds have larger elastic constant than MoX 2 compounds. The Poisson ratio which is used to describe the lateral deformation is calculated by ν = C 12 /C 11 . It is remarkable that the Poisson ratios of those 2D TMDCs are larger than graphene except for WTe 2 , which means much better lateral contraction property than graphene. The calculated Poisson ratio for MoS 2 is also close to other studies [12, 14] .
For further discussion of elastic property of those monolayer TMDCs, we also evaluate the Young modulus E = (C 2 11 − C 2 12 )/C 11 . As shown in Table 3 , the Young moduli from different methods are close to each other. PBE and optB88-vdW are almost the same, while the results of LDA are larger than others. Although there are some numerical differences, the results of three methods present the same trends that Young modulus decrease with the atomic number of chalcogen and increase from Mo to W compounds. As shown above, charge transfer decreases and lattice constant increases in transition metal dichalcogenides MX 2 when X changes from S to Te, which suggests that the reactivity and binding decrease from MS 2 to MTe 2 . The weakening binding between the metal and the chalcogen atom thus leads to the smaller Young modulus. In addition, we can also find that the Young modulus for those monolayer TMDCs with theoretical studies [13, 14] and experiment measurement (180 ± 60 Nm −1 [9] or around 170 Nm −1 [10] ). We can also find that LDA calculations gave the closest results to experiment among three functionals, which suggest that LDA calculations are more accurate to describe the elastic property of monolayer TMDCs.
bilayer TMDCs 3.2.1. Structure properties
There are different configurations when monolayers are stacked into bilayer structure [19] .
As Fig. 1-(c) shown, five stacking orders for the bilayer TMDCs are considered in this paper.
Since the optB88-vdW can give a very similar in-plane lattice parameter with PBE and the interlayer interaction is dominated by vdW forces, we only analysis the results of the bilayer TMDCs using optB88-vdW functional. And LDA calculation is also performed for comparison.
The AA1 and AB with almost degenerate energy are found to be the most stable configuration for all bilayer TMDCs, which also agrees with earlier calculations. [19] Firstly, we also give the structure parameters with five different stacking orders using LDA and optB88-vdW method in Table 4 . we can find that, the stack of monolayer does not change the monolayer structure TMDCs range from 5.2 to 7.8Å according to our calculation. It is clearly shown that the structural parameters including in-plane lattice parameter and inter-layer distance obtained from LDA are much smaller than that of optB88-vdW for the same bilayer structures.
Electronic properties
The band gaps of TMDCs are known to be tunable with thickness [5, 10, 29] . It is thus interest to investigate the electronic structure of bilayer TMDCs. Since the low-energy AA1 and AB are found to have similar band structure, we only give the band structures of bilayer TMDCs in AA1 stacking order in Fig. 3 . Unlike the direct band gap of monolayers, indirect band gap are found except for bilayer WTe 2 which still has a direct band gap at the K points as shown in Fig. 3-(h) . We can easily find that the band gaps have the same variation behaviour with the monolayers form MO 2 to MTe 2 . It has to be mentioned that the valence-band maximum (VBM) of bilayer WTe 2 at K point is only 0.06 eV larger than the maximum energy for Γ point, which is much smaller than energy difference in other cases. When monolayers are stacked into bilayers , the band gaps were found to decrease , which agree well with previous theoretical studies [19, 30] .
Elastic properties
To reveal the evolution of mechanical properties of TMDCs with thickness, we also calculated the elastic constants, Young modulus and Poisson ratio of bilayer TMDCs in Table   5 . It should be noticed that the inter-layer interaction is known to be predominated by vdW interaction, an accurate description for such a system may need a more advanced treatment such as RPA. However, on the basis of the reasonable description for elastic properties of TMDCs, LDA method may be seen as an alternative to describe the elastic properties of bilayer TMDCs. Recently, Liu et al. [10] have investigated the elastic modulus of CVD grown monolayer MoS 2 and WS 2 and their Bilayer Heterostructures and found that the 2D moduli of their bilayer heterostructures are lower than the sum of 2D modulus of each layer, which shows a strong mechanical inter-layer coupling between the layers. However, according to the present results, the Young modulus of bilayer structure calculated by both LDA and optB88-vdW is almost twice as that of the corresponding monolayer, which shows that the mechanical coupling between monolayers seems to be negligible in bilayers. Considered the experimental uncertainty, further effort both in experimental and theory is thus suggested to investigate the mechanical coupling of monolayers in bilayer.
Conclusion
We have investigated the band structure and elastic property for eight kinds of two dimensional TMDCs in monolayer and different bilayers using different functionals. Our results indicate that all those monolayers and bilayers belong to semiconductors and there is a transition from direct gaps for monolayers (except for MoO 2 and WO 2 ), into indirect gaps in bilayers (except WTe 2 ). The calculation also shows that the monolayer TMDCs presents excellent elastic property, which are comparable to graphene. Meanwhile, we also find that the LDA method is an efficient alternative to more advanced method in describing the elastic property of both monolayer and bilayer TMDCs. Furthermore, our results also show that the elastic property is only influenced slightly by stacking order and the mechanical coupling between monolayers seems to be negligible.
